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Recent interest in the health consequences of ricin as
a weapon of terrorism has led us to investigate the
effects of ricin on cells in vitro and in mice. Our
previous studies showed that depurination of the 28S
rRNA by ricin results in the inhibition of translation
and the coordinate activation of the stress-activated
protein kinases JNK and p38 MAPK. In RAW 264.7
macrophages, ricin induced the activation of ERK,
JNK, and p38 MAPK, the accumulation of mRNA en-
coding tumor necrosis factor (INF)-«, interleukin
(IL)-1, the transcription factors c-Fos, c-Jun, and
EGR1, and the appearance of TNF-a protein in the
culture medium. Using specific inhibitors of MAPKs,
we demonstrated the nonredundant roles of the indi-
vidual MAPKs in mediating proinflammatory gene ac-
tivation in response to ricin. Similarly, the intrave-
nous administration of ricin to mice led to the
activation of ERK, JNK, and p38 MAPK in the kidneys,
and increases in plasma-borne TNF-«, IL-1f3, and IL-6.
Ricin-injected mice developed the hallmarks of hemo-
lytic uremic syndrome, including thrombotic mi-
croangiopathy, hemolytic anemia, thrombocytope-
nia, and acute renal failure. Microarray analyses
demonstrated a massive proinflammatory transcrip-
tional response in the kidneys, coincidental with the
symptoms of hemolytic uremic syndrome. Therapeu-
tic management of the inflammatory response may
affect the outcome of intoxication by ricin. (4Am J
Pathol 2005, 166:323-339)

In view of its wide availability and ease of purification,
ricin has been used as a toxic and lethal agent by total-
itarian regimes and, recently, by terrorist groups.” In hu-
mans, the estimated lethal dose of ricin is 1 to 10 ug per
kg of body weight.? The majority of described cases of
ricin intoxication has resulted from the ingestion of castor
beans and is manifested by hemorrhagic diarrhea, liver
necrosis, diffuse nephritis, and splenitis.” One of the few
described cases of ricin injection was the political assas-
sination of the noted Bulgarian dissident Georgi Markov®
whose body was penetrated by a ricin-containing pellet.
Before his death, which occurred 3 days later, he devel-
oped fever, lymphadenopathy near the site of inoculation,
hypotension with vascular collapse, and shock.® Al-
though the toxicity of ricin varies according to the route of
administration, the clinical symptoms frequently are re-
lated to a severe inflammatory response and multiorgan
failure.

Ricin is a member of a family of protein toxins whose
cytosolic target is the 28S rBRNA of the 60S ribosomal
subunit.* The cytotoxicity of ricin results from the depuri-
nation of the 28S rRNA at a single adenine nucleotide
(A4565 in humans and A4256 in mouse) with consequent
inhibition of protein translation. The depurination of 28S
rBNA by ricin also initiates the ribotoxic stress response,
characterized by activation of the stress-activated protein
kinases (SAPKs), N-terminal-c-Jun-kinases (JNK), and
p38 MAPK, via the activation of kinases situated up-
stream.>™® Activation of the SAPK cascade is known to
modulate the expression of a variety of genes that en-
code proinflammatory cytokines and chemokines. "
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The inflammation and failure of multiple organs related
to the toxicity of ricin have been evaluated in different
experimental models. In 1987 Bingen and colleagues'
confirmed the ability of ricin, delivered intravenously into
rats, to cause diffuse endothelial cell damage and forma-
tion of thrombi within the liver microvasculature, followed
by liver necrosis. Taylor and colleagues'® described a rat
model of ricin-induced hemolytic uremic syndrome (HUS)
that recapitulates most of the hallmarks of Shiga toxin
(Stx)-associated HUS in humans. These features include
extensive thrombotic microangiopathy, hemolytic ane-
mia, thrombocytopenia, and acute renal failure.'~'” Both
ricin and Stx act to depurinate the same adenine within
the ricin/sarcin loop of eukaryotic mammalian 28S
rRNA."® Each toxin consists of A and B subunits, of which
the B subunits determine the binding to cell surfaces.
Whereas ricin binds to galactose residues,'® Stx binds to
cell surfaces via a glycosphingolipid receptor, Gb3.2° After
endocytosis and retrograde transport through the Golgi ap-
paratus, the A subunits of each toxin enter the cytosol where
they depurinate 28S rRNA, thereby inhibiting protein syn-
thesis®' and activating the SAPK cascade.®

HUS is a major cause of acute renal failure in children
in North America.?22® Abundant evidence supports the
conclusion that diarrhea-associated HUS involves an
acute inflammatory response, the extent of which is a
predictor of the clinical outcome. Patients with HUS dis-
play markedly elevated proinflammatory cytokines such
as tumor necrosis factor (TNF)-«, interleukin (IL)-18, and
chemokines such as monocyte chemoattractant pro-
tein-1 (MCP-1), IL-8, growth related oncogene (Gro)-a
and _7.15,17,24—26

The availability of suitable experimental animal models
of HUS could provide insight into the molecular mecha-
nisms and sequence of events that occur in HUS. How-
ever, the distribution of Gb3 receptors for Stx on cell
types varies widely among species, and it has been
suggested that these differences may account for the
inability of Stx to recapitulate the hallmarks of the human
HUS in the available animal models.”® To bypass the
restricted distribution of Stx receptors, Taylor and col-
leagues'® administered ricin, which, unlike Stx, was able
to recapitulate many of the features of HUS in rats.

An additional rationale for elucidating the mechanisms
responsible for ricin’s toxicity relates to the administration
of ricin as an immunotoxin in the therapy of hematological
malignancies and solid tumors.?”*° The dose-limiting
side effect of many of the ricin-containing immunotoxins
that have been applied in clinical trials is the appearance
of vascular leak syndrome,?” whose main feature is the
altered integrity of the vascular endothelial cells. Al-
though the cause of endothelial cell damage remains
unknown, it has been suggested that the direct uptake of
ricin by the endothelial cells and macrophages consti-
tutes the triggering event in vascular leak syndrome
pathogenesis.®®

In this study, we have demonstrated that ricin activates
members of the MAPK family, induces the expression of
proinflammatory genes in vitro, and causes a severe in-
flammatory response in vivo. The in vitro activation of a
variety of proinflammatory mediators by ricin requires the

activation of ERK1/2, JNK, and p38 MAPK. We have
shown that after the intravenous administration of ricin,
mice developed a syndrome that shared most of the
characteristics of human HUS, including thrombocytope-
nia, hemolytic anemia, renal failure, and microvascular
thrombosis.

Materials and Methods
Mice

C57BL/6J mice were purchased from The Jackson Lab-
oratory, Bar Harbor, ME. Male mice 8 to 10 weeks of age
and weighing 18 to 24 g were used throughout the ex-
periments. Mice were housed under 12-hour light-dark
cycle and fed with standard diet ad libitum. To collect
24-hour diuresis, mice were housed for 24 hours in diure-
sis metabolic cages (model M-D-METAB; Nalgene,
Braintree, MA) provided with grounded standard diet ad
libitum. Before experimental procedures, mice were
anesthetized intraperitoneally with 80 mg/kg of ketamine
and 10 mg/kg of xylazine. All of the animal procedures
were performed according to protocols that have been
approved by the Institutional Animal Care and Use Com-
mittee at Oregon Health and Science University, Port-
land, OR.

Cell Lines

The murine macrophage cell line RAW 264.7 was pur-
chased from the American Type Culture Collection
(Rockville, MD) and maintained in Dulbecco’s modified
Eagle’s medium (DMEM,; Life Technologies, Inc., Grand
Island, NY) supplemented with gentamicin (50 ug/ml)
and 10% fetal bovine serum (Cellgro, Herndon, VA) at
37°C in humidified CO,. RAW 264.7 cells were plated into
6- and 10-cm tissue culture plates (Sarstedt, NC) at a
concentration of 5.0 X 10° and 8.0 X 10°cells, respec-
tively. Before experiments, cells were incubated in se-
rum-free DMEM for 2 hours. The human macrophage cell
line THP-1 was obtained from American Type Culture
Collection and maintained in RPMI 1640 medium (Cell-
gro) supplemented with 50 png/ml of gentamicin and 10%
fetal bovine serum. THP-1 cells were plated in 10-cm
tissue culture dishes at a concentration of 8.0 X 10°cells
and were differentiated in the presence of 0.1 umol/L
12-O-tetradecanoylphorbol 13-acetate (Sigma-Aldrich,
St. Louis, MO) for 72 hours. Before experiments, cells
were incubated in serum-free RPMI 1640 for 2 hours.

Reagents and Antibodies

Ricin was purchased from Vector Laboratories, Burlin-
game, CA. Lipopolysaccharide (LPS), derived from Esch-
erichia coli O111:B4, was obtained from Sigma-Aldrich.
The MAP kinase inhibitors UO126, SP600125, and
SB203580 were obtained from Calbiochem, La Jolla, CA.
The mouse TNF-a enzyme-linked immunosorbent assay
(ELISA) Ready-SET-Go was purchased from eBioscience
(catalog no. 88-7324-76), San Diego, CA; the mouse IL-6



immunoassay kit was obtained from R&D Systems (cat-
alog no. M6000), Minneapolis, MN; the mouse IL-13
ELISA kit was purchased from BD Bioscience (catalog
no. 559603), San Diego, CA. Antibodies against phos-
pho-JNK, phospho-p38, and phospho-ERK1/2, were pur-
chased from Cell Signaling Technology, Beverly, MA;
antibody against p38 was obtained from Santa Cruz Bio-
technology, Santa Cruz, CA; rabbit polyclonal antibody
against mouse fibrin(ogen) was purchased from Nordic
Immunology, Tilburg, The Netherlands; and horseradish
peroxidase-conjugated antibody was obtained from Vec-
tor Laboratories.

Measurement of Protein Synthesis

RAW 264.7 cells were grown in 12-well tissue culture
dishes in 10% fetal bovine serum-DMEM. Before the
treatments with ricin, the cells were serum-deprived for 2
hours. Two and a half hours after the addition of ricin, the
cells were pulsed-labeled for 30 minutes with 2 uCi of
[®H]-leucine in 0.3 ml of serum-free DMEM. The incorpo-
ration of leucine was stopped by the addition of 10%
trichloroacetic acid. Cells were washed 3X with 5% tri-
chloroacetic acid, followed by 88% formic acid to solu-
bilize the trichloroacetic acid-insoluble proteins, and the
samples were counted in a scintillation counter. To de-
termine a suitable background for the assay, untreated
cells were maintained on ice for 15 minutes, before pulse-
labeling on ice for 30 minutes with 2 uCi of [*H]-leucine in
0.3 ml of serum-free DMEM. The reaction was stopped by
the addition of 10% trichloroacetic acid, after which sam-
ples were further processed as described above.

Immunoblot Analyses

RAW 264.7 cells cultured in 6-cm tissue culture dishes
were lysed in 250 ul of 2X sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer and boiled for 1 minute. The lysates were sepa-
rated via 10% SDS-PAGE, transferred to a polyvinylidene
difluoride membrane (Millipore, Bedford, MA), and
probed with the corresponding primary antibodies. For
the immunoblot analyses performed on mouse tissue, the
whole kidneys were homogenized in lysis buffer (20
mmol/L Tris-HCI, pH 7.5, 140 mmol/L NaCl, 1 mmol/L
EDTA, 1 mmol/L EGTA, 1% Triton X-100, 2.5 mmol/L
Na,P,0,, 1 mmol/L C;H,0gPNa,, 1 mmol/L NazvVO,, 10
mmol/L NaF, 1X Protease inhibitors cocktail; Roche Ap-
plied Science, Indianapolis, IN). After incubation for 10
minutes at 4°C, the lysates were centrifuged at 4°C for 10
minutes at 10,000 X g. The protein concentration of the
supernatants was determined using the Bradford assay
(Bio-Rad protein assay; Bio-Rad Laboratories, Hercules,
CA). One hundred fifty ug of each lysate were mixed 1:4
with 4X SDS-PAGE loading buffer, boiled at 95°C for 5
minutes, and separated via 10% SDS-PAGE.

RNA Isolation

After dissection of the kidneys and other organs, the
tissues were immediately frozen and ground in liquid
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nitrogen. RNA was extracted using TRIzol reagent in
accordance with the manufacturer’s instructions and was
further digested with DNase. Both reagents were pur-
chased from Invitrogen Life Technologies, Carlsbad, CA.
Cells were lysed directly in TRIzol reagent and processed
as above. Integrity of RNA was determined by the ap-
pearance of distinct 28S and 18S rRNA bands when
analyzed by electrophoresis on 1% agarose gels. The
integrity of RNA was confirmed for all samples before
microarray and reverse transcriptase (RT)-polymerase
chain reaction (PCR) analysis.

Affymetrix Microarray Analysis

Gene expression profiling was performed by the Oregon
Health and Science University Gene Microarray Shared
Resource Affymetrix Microarray Core using MOE-430A
chips, which contain 22,690 transcripts. Labeled target
cDNA was prepared from purified total kidney RNA (10
ng) from three saline- and three ricin-injected mice. The
total RNAs were run on a 1% agarose gel and additionally
analyzed on an Agilent Bioanalyzer to determine the in-
tegrity of 18S and 28S subunits of RNA. Each sample was
hybridized to a test array and a MOE-430A GeneChip
array. Image processing and normalization were per-
formed using Affymetrix Microarray suite 5.0 (MAS 5.0)
software to obtain the estimate of the fold change for
each paired group (saline-injected mice and ricin-in-
jected mice). Signals represent the abundance of each
RNA transcript. A two-sample independent t-test was
applied to each gene individually to identify differentially
expressed genes and to estimate the average magnitude
of differential expression. The resulting P values were
adjusted using the false discovery rate proposed by
Hochberg and Benjamini.®° Genes with a false discovery
rate P value of <0.05 and fold change of >3 or <—3 were
selected as potentially significant genes. Genes with fold
change <—3 belong to further studies.

Real-Time RT-PCR Analysis

Two ng of RNA were reverse-transcribed in the presence
of SuperScript Il and oligo-dT primers (both reagents
were purchased from Invitrogen Life Technologies). The
amplification of the cDNA was accomplished using the
ABI Prism 7900HT sequence detection system (Applied
Biosystems, Foster City, CA) in the presence of the com-
mercially available SYBR Green PCR Master Mix (Applied
Biosystems) and 20 umol/L of the corresponding sense
and anti-sense RT-PCR primers for 120-bp amplicons in
a 40-cycle PCR (Table 1). Fold induction in gene expres-
sion was measured using absolute quantitation of a stan-
dard curve in arbitrary units. The denaturing, annealing,
and extension conditions of each PCR cycle were 95°C
for 15 seconds, 55°C for 30 seconds, and 72°C for 30
seconds, respectively.
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Table 1. Forward and Reverse Primer Sequences Used for Real-Time RT-PCR
Gene Forward primer sequence Reverse primer sequence

TNF-« 5'-AAATGGGCTTTCCGAATTCA-3' 5'-CAGGGAAGAATCTGGAAAGGT-3’
IL-1a 5'-AAAAAAGCCTCGTGCTGTCG-3' 5'-TTGTCGTTGCTTGGTTCTCCT-3'
IL-18 5'-CAAATCTCGCAGCAGCACA-3’ 5'-TCATGTCCTCATCCTGGAAGG-3'
IL-6 5'-AGGATACCACTCCCAACAGACCT-3' 5'-CAAGTGCATCATCGTTGTTCATAC-3’
GRO-a 5'-TGTCAGTGCCTGCAGACCAT-3' 5'-CGCGACCATTCTTGAGTGTG-3’
MCP-1 5'-AGCAGCAGGTGTCCCAAAGA-3' 5'-TCATTTGGTTCCGATCCAGG-3’
RANTES 5'-CCTGCTGCTTTGCCTACCTC-3' 5'-ACTTGGCGGTTCCTTCGAGT-3'
c-JUN 5'-GAAAACCTTGAAAGCGCAAAA-3' 5'-TAGCATGAGTTGGCACCCAC-3’
c-FOS 5'-TGGTGAAGACCGTGTCAGGA-3’ 5'-GCAGCCATCTTATTCCGTTCC-3’
ATF3 5'-CGTCAACAACAGACCCCTGG-3’ 5'-TTGTTTCGACACTTGGCAGC-3’
EGR-1 5'-CCTTCCAGTGTCCAATCTGCA-3' 5'-CTGGCAAACTTCCTCCCACA-3’
C/EBPB 5'-GGGACTTGATGCAATCCGG-3’ 5'-AACCCCGCAGGAACATCTTT-3'
E-selectin 5'-ACTGTGTGCAAGTTCGCCTG-3’ 5'-TGGACTCAGTGGGAGCTTCAC-3’
GAPDH 5'-TTGTGGAAGGGCTCATGACC-3’ 5'-GATGCAGGGATGATGTTCTGG-3'

Sense and Anti-Sense RT-PCR Primer
Sequences

All murine forward and reverse primers (Table 1) were
designed by using MacVector or Primer Express software
programs and were synthesized by Invitrogen Life Tech-
nologies.

Reverse Transcription of rRNA by Primer
Extension

Reverse transcription of rRNA was performed as de-
scribed by lordanov and colleagues.® The oligonucleo-
tide primer 5-CACATACACCAAATGTC-3" (Invitrogen
Life Technologies) was end-labeled with T4 polynucle-
otide kinase (Life Technologies, Inc.). A 10-ul mixture of
2 g total RNA and 1.0 pmol primer in 50 mmol/L Tris-HCI
(pH 8.3), 75 mmol/L KCI, 3 mmol/L MgCl, was incubated
at 90°C for 3 minutes and then placed on ice for 5
minutes, followed by an incubation at room temperature
for 5 minutes. The reverse transcription was initiated by
the addition of 10 ul of a mixture of 2 mmol/L de-
oxynucleoside triphosphates and 30 U SuperScript (Life
Technologies, Inc.) in 50 mmol/L Tris-HCI (pH 8.3), 75
mmol/L KCI, 3 mmol/L MgCl,, 10 mmol/L dithiothreitol,
followed by an incubation at 48°C for 15 minutes, when
the reactions were stopped by the addition of 5 mmol/L
EDTA. Reaction products were precipitated in ethanol,
resuspended in formamide gel loading buffer, heat de-
natured, and electrophoresed in 8% acrylamide se-
quencing gel, which was subsequently dried and ex-
posed to a Phosphorlmager screen.

Immunohistochemical Analysis

For detection of phospho-p38 MAPK, phospho-ERK1/2,
and phospho-JNK, mice were anesthetized (see above)
and perfused through the heart with 10 ml of 0.9% NaCl
(LabChem Inc., Pittsburgh, PA) to flush the circulation,
followed by 30 ml of 4% paraformaldehyde. After dissec-
tion, the organs were further fixed in 4% paraformalde-
hyde solution for 48 hours, processed in an automatic
tissue processor, embedded in paraffin blocks, and sec-

tioned into 7-um sections. Before immunohistochemical
staining, the tissue sections underwent antigen-retrieval
procedures in accordance with the instructions provided
with the corresponding primary antibody. For detection of
fibrin(ogen), mice were sacrificed by cervical dislocation.
The organs were dissected, fixed in Carnoy solution for 2
hours, transferred to 70% ethanol, and further processed
in an automatic tissue processor as described above.
The tissue sections were incubated for 24 hours with goat
polyclonal antibody against mouse fibrin(ogen).

Mouse Blood Studies

All blood analyses were performed by the Core Labora-
tory, Division of Laboratory Medicine, Oregon Health and
Science University, Portland, OR. Blood was obtained by
a puncture of the retro-orbital plexus. Blood for cell-count
analysis and cell-type determination was collected in
hematology tubes with tripotassium ethylenediaminetet-
raacetic acid (EDTA) (Microtainer; Becton Dickinson,
Franklin Lakes, NJ) and analyzed with an automated cell
counter (Beckman-Coulter, Inc., Fullerton, CA). Bio-
chemical determinations of blood urea nitrogen and
serum creatinine were performed with a Synchron LX
Clinical Chemistry System (Diagnostic Chemicals Ltd.,
Oxford, CT).

Gel Electrophoresis of Hemoglobin

Total blood, obtained by puncture of the retro-orbital
plexus, was left to clot at room temperature for 1 hour,
and was then centrifuged at 8000 rpm, 4°C, for 20 min-
utes to separate serum from blood cells. Ten ul of serum
were mixed 1:1 with 2X sample buffer (20% glycerol, 150
mmol/L Tris-HCI, pH 9.2, bromphenol blue) and run on
1.5% agarose gels in the presence of Tris-glycine elec-
trophoresis buffer (130 mmol/L Tris, 95 mmol/L glycine,
pH 9.2). Gels were stained with Gelcode Blue staining
solution (Pierce, Rockford, IL). Hemoglobin, isolated from
lysed erythrocytes in 0.065 mol/L KCI, was used as pos-
itive control.



Proteinuria Studies

Mice were housed in diuresis metabolic cages for 24
hours during which time urine was collected. Urine was
further concentrated through 30-kd Micropore concentra-
tion tubes. Equal amounts of urine from three control mice
and three ricin-injected animals were mixed 1:4 with 4X
SDS-PAGE loading buffer, boiled at 95°C for 5 minutes,
and separated via 10% SDS-PAGE. Gels were stained
with Gelcode Blue staining solution. Increasing concen-
trations of bovine serum albumin were loaded on the
same gel as a positive control.

Statistical Analysis

Individual groups were compared using unpaired t-test
analysis. To estimate P values, all statistical analyses
were interpreted in a two-tailed manner. P values <0.05
were considered to be statistically significant.

Results

Ricin and the Inflammatory Cascade in RAW
264.7 Macrophages

To examine the ability of ricin to induce inflammatory
responses in vitro, we used RAW 264.7 cells, a murine
monocyte/macrophage cell line that has been used fre-
quently to examine responses to proinflammatory
agents.®"32 Concentrations of ricin as low as 10 ng/ml
induced the phosphorylation of JNK, p38 MAPK, and
ERK1/2 (Figure 1a). A direct relationship was observed
between the phosphorylation of these kinases and the
inhibition of protein translation (Figure 1b); 10 ng/ml of
ricin reduced the incorporation of [°H]-leucine into pro-
tein by ~50%, whereas higher doses inhibited the level of
leucine incorporation by 97%.

The administration of ricin to cultured cells leads to
increased transcription and translation of several inflam-
matory mediators, including TNF-«, IL-1B8, and chemo-
kines.**=° In view of the well-described role of p38
MAPK in regulating the expression of TNF-a,'"3%37 we
applied quantitative real-time RT-PCR to examine the
influence of ricin on the abundance of mRNAs that en-
code TNF-a. Throughout the evaluated range of concen-
trations, ricin induced a 12-fold increase in the abun-
dance of RNA encoding TNF-« (Figure 1c). Exposure of
cells to 10 and 100 ng/ml of ricin led to a 10-fold increase
in the secretion of TNF-a protein into the medium of
treated cells, whereas higher concentrations of the toxin
were less effective in elevating the release of TNF-a
(Figure 1d). Taken together, these data reveal a strong
positive correlation between the activation of all three
MAPK members (JNKs, p38 MAPK, and ERK1/2), the
increased expression of TNF-a RNA, and the increased
secretion of TNF-a protein in ricin-treated cells. These
data further indicate that, despite the substantial but
incomplete inhibition of protein translation at intermediate
concentrations of ricin (10 and 100 ng/ml), cells exposed
to ricin nevertheless retained the ability to translate TNF-a
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Figure 1. Response of RAW 264.7 cells to ricin. a: Immunoblot analysis of
cell lysates after exposure to varying doses of ricin. Antibodies used were
reactive against phospho-ERK1/2, phospho-p38 MAPK, phospho-JNK, and
p38 MAPK, as shown. Cells were harvested 4 hours after the addition of ricin.
b: Inhibition of protein synthesis measured by [*H] leucine incorporation 3
hours after the addition of varying concentrations of ricin. Each treatment
was performed in triplicates. Data are presented as means = SEM. ¢: TNF-a
mRNA abundance measured by real-time RT-PCR, 5 hours after exposure to
varying concentrations of ricin. Representative data from three different
experiments are shown. Each treatment was performed in triplicates. Data
are presented as means * SEM. d: Ricin-induced release of TNF-a protein
into the culture medium was measured by ELISA; media were harvested 6
hours after the addition of ricin. Representative data from three different
experiments are shown. Each treatment was performed in triplicates. Data
are presented as means * SEM.

MRNA and to secrete TNF-« into the medium. The inabil-
ity of cells to secrete TNF-a after exposure to high con-
centrations of ricin (1 and 10 ug/ml) may stem from the
nearly complete abrogation of protein translation at these
concentrations. Despite the inhibition of protein synthesis
induced by intermediate concentrations of ricin, the con-
comitant increase in MRNA encoding TNF-a may thus
serve to overcome the cell’s impaired capacity to trans-
late and secrete TNF-a protein.

JNK, p38 MAPK, and ERK1/2 regulate the expression
of mMRNAs that encode inflammatory cytokines and che-
mokines in part by increasing the expression of specific
transcription factors.''83° We determined the potential
contribution of these three MAPK family members in reg-
ulating the ricin-induced expression of mMRNAs encoding
selected cytokines and transcription factors by selec-
tively blocking their activation and measuring the abun-
dance of RNA by real-time RT-PCR. To accomplish this,
we applied highly specific inhibitors, singly and in com-
bination, that are known to interfere with effective trans-
duction of JNK, p38 MAPK, and ERK1/2 cascades
(SP600125 for JNK, SB203580 for p38 MAPK, and
UO126 for ERK1/2). We confirmed the effectiveness and
specificity of these inhibitors in RAW 264.7 cells by ap-
plying immunoblotting with phospho-specific antibodies
against these kinases and/or their downstream-phospho-
rylated targets (data not shown). Five hours after the
addition of ricin, the abundance of mRNAs that encode
TNF-q, IL-1a, and IL-18 were elevated several fold. The
increase in ricin-induced expression of TNF-a mRNA was
reduced partially by each of the kinase inhibitors when
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Figure 2. Real-time RT-PCR analysis of RNA in RAW 204.7 cells 5 hours after
the addition of 1 ug/ml of ricin. Cells were pretreated for 30 minutes with
selective inhibitors of the MAPK family members [20 wmol/L SP600125 (SP)
for JNK, 10 wmol/L SB203580 (SB) for p38 MAPK, and 10 pwmol/L U126
(UO) for ERK1/2] or with DMSO as a vehicle control. Ricin (R) was then
added (0.1 wg/ml) for 5 hours, at which time RNA was isolated. GAPDH was
used as a comparator to obtained fold induction, whose value is shown in
each panel. Data are expressed as percentage of maximal induction to permit
relative comparisons among the six genes whose expression was analyzed.
Each treatment was performed in triplicates; error bars represent SEM.

applied separately; in the presence of all three inhibitors,
the expression of TNF-a was suppressed to near basal
levels (Figure 2). In contrast, the increased expression of
RNAs that encode IL-1a and IL-18 was completely sup-
pressed by the inhibition of p38 MAPK alone; the inhibi-
tion of JINK or ERK1/2 led to an increase in the expression
of IL-1 mRNA.

The genes of many inflammatory mediators are known
to contain regulatory sites that bind AP-1 transcription
factors, a family of dimeric basic leucine zipper DNA-
binding proteins that include c-Fos, c-Jun, and ATFs.*°
Many of the AP-1 factors are ultimate targets that lie
downstream of p38 MAPK, JNK, and ERK signaling path-
ways. As we have previously demonstrated, the exposure
of cultured cells to ricin leads to a sustained increase in
the levels of mRNAs that encode c-Fos and c-Jun.® The
30-fold increase in the ricin-induced expression of c-Fos
mRNA was reduced substantially by inhibiting p38 MAPK
or ERK1/2 but not by inhibiting JNK (Figure 2). The com-
bined inhibition of both p38 MAPK and ERK1/2 sup-
pressed the ricin-induced expression of c-Fos mRNA to
basal levels (data not shown) that were indistinguishable
from the levels achieved in the presence of all three
inhibitors. Administration of ricin elevated the expression
of c-Jun mRNA more than 9000-fold; this increase was

partially reduced by each of the inhibitors and reduced to
less than 3% of maximally induced values by the combi-
nation of all three inhibitors (Figure 2).

EGR-1 is a transcription factor and immediate-early
gene product that induces the expression of TNF-a via
activation of the MAPK cascade.*'"*® Ricin induced the
expression of EGR-1 RNA more than 1000-fold; this in-
crease was partially suppressed by inhibiting JNK and
ERK1/2 individually, but not by inhibiting p38 MAPK (Fig-
ure 2). The inhibition of both JNK and ERK1/2 pathways
completely reduced the activation of EGR-1 by ricin (data
not shown). Taken together, the results shown in Figure 2
suggest that the activation by ricin of JNK, p38 MAPK,
and ERK1/2 regulates the expression of RNAs encoding
a variety of inflammatory cytokines and the transcription
factors that are known to contribute to their activation.
These data further suggest that some genes receive
activating signals from multiple MAPKs, whereas other
genes receive activating signals through a single pre-
dominant MAPK pathway. The data in Figures 1 and 2
support the hypothesis that ricin-induced activation of
MAPK members is necessary for the expression of genes
that encode inflammatory mediators and transcription
factors that have been associated with their expression.
The increased accumulation of some RNAs after the se-
lective inhibition of a single MAPK pathway suggests that
certain MAPK members may act to suppress the expres-
sion of some genes.

An Animal Model of Ricin Intoxication

Taylor and colleagues'® used ricin to reproduce a model
of toxin-induced HUS in rats that recapitulated many of
the hallmarks of the human disease including thrombo-
cytopenia, hemolytic anemia, renal failure, and microvas-
cular thrombosis. We applied a similar approach in mice
to be able to exploit the power of mouse genetics to
examine the mechanisms and consequences of ricin in-
toxication in a mouse model. We injected 12 ug per 100 g
body weight ricin intravenously, through the retro-orbital
venous plexus, into groups of mice, and sacrificed the
animals 24 hours after the administration of the toxin.
Ricin-injected mice displayed thrombocytopenia that was
marked by a 75% decrease in the number of thrombo-
cytes (Figure 3C). The number of erythrocytes was dimin-
ished by 50% and the hemoglobin concentration de-
creased to 40% of control values (Figure 3, A and B). The
decrease in erythrocyte numbers and hemoglobin con-
centration in ricin-treated mice are consistent with the
development of anemia, which was further determined to
be normocytic (normal values of the mean corpuscular
volume; data not shown), normochromic (normal values
of the mean corpuscular hemoglobin concentration; data
not shown), and regenerative (increased count of the
reticulocytes in the peripheral blood; data not shown).
The appearance of free hemoglobin in the sera of ricin-
treated mice (Figure 3, | and J) provided evidence for
intravascular hemolysis. Interestingly, microscopic exam-
ination of blood smears did not reveal unequivocal evi-
dence for the appearance of schistocytes (data not
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Figure 3. Analysis of blood and urine after administration of ricin i vivo.
A-E, G-H: Analyses of blood from three sham-injected mice and six mice
injected with 12 ug of ricin/100 g body weight. Data are presented as mean =
SEM; *, P < 0.05; **, P < 0.01; and *** P < 0.001. A, B: Development of
anemia after intravenous ricin administration, determined by a decrease in
the erythrocyte count and hemoglobin concentration. C: Thrombocytopenia.
D, E: Increased numbers of polymorphonuclear leukocytes and decreased
number of lymphocytes. G, H: Evidence of renal failure, as determined by
increased concentrations of serum creatinine (G) and blood urea nitrogen
(H). F: Decreased urine volume in mice that received 12 pg of ricin/100 g
body weight compared to the saline-injected controls. Error bars show SEM;
=% P < 0.001. I: Appearance of free hemoglobin in the serum of mice that
received ricin. Equal amounts of serum from three saline (1, 2, and 3) and
three mice injected with 12 ug of ricin/100 g body weight (4, 5, and 6) were
separated by charge by electrophoresis under nondenaturing conditions.
Hemoglobin (Hb) isolated after 0.065 mol/L KCl lysis of erythrocytes was
used as a positive control. I: The appearance of free hemoglobin in all of the
animals that received ricin. J: Absorption spectrophotometry of sera from I
demonstrates absorbance maxima at 431 nm and 555 nm, characteristic of
hemoglobin. An increase in the absorbance peaks at these maxima was
observed in the sera of mice injected with ricin. Although the peaks of
hemoglobin absorbance maxima were lower for each of the control mice, the
control sera were pooled in this figure to facilitate graphic representation. K:
Albuminuria after ricin administration. Equal amounts of urine from three
saline-injected mice (1, 2, and 3) and three mice injected with 12 pg of
ricin/100 g body weight (4, 5, and 6) were run on a 10% SDS-PAGE.
Representative data are shown from two different experiments, each treat-
ment performed in triplicate. Bovine serum albumin at increasing concen-
trations (10, 50, and 100 pg) was used as a standard. MW stands for
molecular weight of the commercially available protein markers.

shown). Mice that received ricin displayed an eightfold
increase in the number of circulating polymorphonuclear
leukocytes accompanied by a 30% decrease in the num-
ber of lymphocytes (Figure 3, D and E).

An important hallmark of human HUS is the develop-
ment of renal failure. Mice treated with ricin showed a
decrease in the 24-hour urinary output compared with
control mice (Figure 3F). To further investigate the effects
of ricin on kidney function, we evaluated the serum levels
of blood urea nitrogen and creatinine. The serum levels of
blood urea nitrogen and creatinine in mice that received
ricin were elevated approximately fourfold (Figure 3, G
and H). Taken together, the decreased urinary output, the
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Figure 4. Immunohistochemical localization of fibrin(ogen) in kidneys of
ricin-treated animals. Mice injected with saline (¢, d) or 12 pg/100 g body
weight ricin (a, b) were sacrificed 24 hours after the injections. Carnoy-fixed
tissues were embedded in paraffin and sections were reacted with primary
goat polyclonal antibody against mouse fibrin(ogen). Kidneys of ricin-in-
jected mice display fibrin(ogen) depositions in the glomerular capillary loops
(b) and in the peritubular microvasculature (a). Representative pictures from
two independent experiments, each performed in triplicate animals, are
shown.

increased serum concentrations of blood urea nitrogen
and creatinine provided evidence that administration of
ricin resulted in compromised renal function. Additionally,
the urine obtained from ricin-treated mice displayed an
increased excretion of protein; the major protein band
corresponded in size to serum albumin (Figure 3K).

Histopathological examination of hematoxylin and eo-
sin (H&E) staining of tissue after administration of ricin
showed evidence of massive apoptosis (by the appear-
ance of nuclear fragmentation and apoptotic bodies) in
the red pulp and some in the white pulp of the spleen,
patchy apoptosis of hepatocytes ranging from periportal
to panlobular localization, apoptotic debris in the glomer-
uli, and randomly dispersed single apoptotic tubular ep-
ithelial cells. After H&E staining, there was no evidence of
glomerular thrombosis or tubular epithelial cell necrosis.

To investigate the appearance of thrombotic microan-
giopathy, a distinguishing feature of human HUS,** we
used immunohistochemical staining with an anti-fibrin(o-
gen) antibody. The staining revealed the appearance of
abundant deposition of fibrin(ogen) in the glomerular
capillary loops as well as in the peritubular microvascu-
lature of ricin-treated mice (Figure 4). We observed a
similar localization of fibrin(ogen) in the microvasculature
of liver and lungs in ricin-treated mice (not shown).

Ricin Induces the Activation of ERK, p38,
and JNK in Kidneys and Other Organs of
Ricin-Treated Mice

Because the kidneys appeared to constitute a relevant
and potentially important target for the actions of ricin, we
concentrated our studies on this organ. In view of the
demonstration that exposure of cultured murine macro-
phages to ricin resulted in activation of JNK, p38 MAPK,
and ERK1/2 (Figure 1a), we tested the ability of intrave-



330 Korcheva et al
AJP January 2005, Vol. 166, No. 1

Kidneys
sham-injected ricin-injected
I LN

< phospho-p38

<_phospho-JNK
<

e — -
L e sl
SR | < phospho-ERK1/2

M«pss

Figure 5. Activation of p38 MAPK, JNK, and ERK1/2 in kidneys of mice
injected with ricin. Kidney lysates from three sham-injected mice and four
mice injected with 12 ug of ricin/100 g body weight were analyzed by
immunoblotting with antibodies against phospho-ERK1/2, phospho-p38
MAPK, and phospho-JNK. Results demonstrate activation of all three MAPK
family members after ricin administration. Immunoblotting with anti-p38
MAPK antibody was used as a loading control. This experiment was per-
formed three times; each treatment group included six animals. Representa-
tive data from one experiment is shown, each sample representing kidney
lysate from an individual animal.

nously administered ricin to activate these kinases in the
kidneys of mice. Twenty-four hours after the injection of
ricin, the phosphorylation of ERK1/2, p38 MAPK, and JNK
increased dramatically in the kidneys (Figure 5) and in
other organs of mice such as lung, spleen, and heart
(data not shown). Increased phosphorylation of these
kinases was also detected by immunohistochemical lo-
calization in tissue sections of kidneys from ricin-treated
mice that had been perfused with paraformaldehyde.
When compared to the sham-injected counterparts, glo-
merular and peritubular microvascular cells of ricin-
treated mice displayed a marked increase in the phos-
phorylated forms of ERK1/2, p38 MAPK, and JNK (Figure
6). In addition, ricin induced increased reactivity of all of
the three kinases in the nuclei of some proximal and distal
convoluted tubules in the periglomerular region. Exami-
nation of several other organs (heart, liver, spleen, lungs)
revealed similar expression of the phosphorylated forms
of the MAPKs in endothelial cells and other cell types,
including cardiac myocytes, hepatocytes, and splenic
lymphocytes (data not shown).

Affymetrix Microarray Analysis

The prominent nuclear localization of activated MAP ki-
nases (Figure 6) suggests that activated MAPK members
participate in the transcriptional activation of genes in
organs of ricin-injected mice. To identify genes activated
in kidneys of ricin-treated mice, we performed Affymetrix
microarray analyses on kidneys of three sham-injected
and three ricin-injected animals 24 hours after the intra-
venous administration of 12 wg per 100 g body weight of
toxin. Analyses were performed on MOE-430A chips,
which interrogate 22,690 mouse transcripts. Genes that
were consistently absent from all six samples were ex-
cluded from the analysis, reducing the number of evalu-
ated genes to 17,718. Of the annotated genes (genes of
known or suspected function), 918 were declared up-
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Figure 6. Ricin induces the phosphorylation of ERK, JNK, and p38 MAPK in
glomerular cells. Immunohistochemical staining with phospho-ERK1/2,
phospho-p38 MAPK, and phospho-JNK antibodies performed on kidney
tissue sections of control and ricin-injected mice (12 pg/100 g body weight
iv. for 24 hours.) after fixation by perfusion with 4% paraformaldehyde
solution. Each image contains one representative glomerulus. Immunohisto-
chemical staining reactions were performed on sections from animals from
three different experiments, each performed on groups of six mice.

regulated after ricin administration (fold change >3 and a
false discovery rate adjusted P value <0.05). Of these, 46
annotated genes were identified in the Affymetrix array as
displaying a level of induction of 20-fold or greater. The
microarray analysis (Appendix Table 1) in Excel format is
accessible at http.//ajp.amjpathol.org.

The data from the microarrays were analyzed by EASE,
a software application for the rapid interpretation of bio-
logical data obtained from microarray analysis.*® The
EASE software automates the process of biological
theme determination by analyzing the overrepresentation
of genes that belong to categories that are functionally
and structurally defined. Table 2 displays the hierarchical
analysis of the 46 annotated genes whose expression
was induced greater than 20-fold in this experiment.
These data reveal that the most highly overrepresented
genes activated after injection of ricin were associated
with inflammatory responses and wounding. The molec-
ular functions of these induced genes were identified as
cytokines, chemokines, and transcription regulators.

Table 3 displays a subset of genes, identified in the
microarrays, whose transcripts were elevated by ricin
and whose functions have been associated with inflam-
matory responses and activation by stressors. Many of
the induced mRNAs that encode transcriptional regula-
tors such as c¢-Jun®® c-Fos*® ATF3,*%° and
C/EBPB°°5" have appeared in previous studies as imme-
diate-early genes whose expression has been tied to
ligands that activate ERK, p38 MAPK, and JNK. Several
of these transcriptional regulators have been shown to
bind to regulatory sequences of genes encoding cyto-
kines and chemokines. The coordinately increased ex-
pression of transcriptional regulators and cytokines/che-
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Table 2. Overrepresentation Analysis of Annotated Ricin-Induced Gene Expression

Hits Total in category P value (EASE score)
Biological process
Inflammatory response 7 103 7.85e-006
Response to wounding 7 145 5.50e-005
Cell proliferation 7 145 6.39e-005
Regulation of cell cycle 8 276 2.75e-004
Response to stress 10 477 3.16e-004
Regulation of transcription 16 1255 4.00e-004
Immune response 9 415 6.19e-004
Receptor binding 8 406 2.19e-003
Defense response 9 527 2.86-003
Molecular function
Cytokine activity 8 185 1.78e-005
Chemokine activity 5 36 1.98e-005
Transcription regulator activity 14 934 1.80e-004
Receptor binding 8 406 2.19e-003
DNA binding 15 1481 4.66e-003
Protein binding 14 1442 9.89-003

mokines is consistent with the hypothesis that the
increased expression of transcription factors is posi-
tioned upstream of, and is directly responsible for, the
increased expression of cytokines and chemokines.

In addition to the genes noted above, the administra-
tion of ricin led to the increased expression of RNAs
encoded by other genes of interest, such as those in-
volved in leukocyte adhesion (ICAM-1,%2 P-selectin,®®
E-selectin®®) or those that participate in MAPK signaling
pathways (Cnk,>* MAP3k8,°° and MAPKG®°). The mi-
croarrays also revealed elevated ricin-induced expres-
sion of genes that belong to several members of the
coagulation cascade and fibrinolytic pathway such as
factor | (fibrinogen), factor Il (tissue factor), factor X
(prothrombinase), u-PA receptor, and PAI-1.

Real-Time RT-PCR Analysis of Ricin-Induced
RNAs in Kidneys

Although Affymetrix microarray analysis aids in identify-
ing genes that are coordinately regulated after ricin ad-
ministration, the ability of the microarrays to provide ac-
curate quantitative data are limited. To provide a more
rigorous quantitative analysis of ricin-induced gene ex-
pression, and to validate the results from microarray anal-
ysis, we applied real-time RT-PCR to measure the ex-
pression in mouse kidney of several RNAs that encode
proteins implicated in inflammatory responses. Groups of
three sham-injected and three ricin-injected mice were
sacrificed at varying times, after which RNA was ex-
tracted from the kidneys for analysis by real-time RT-
PCR. The gene products evaluated included cytokines
(TNF-, IL-1e, IL-1B, and IL-6), chemokines [MCP-1
(CXCL1) and Gro-a (CCL2)], transcription factors (c-Jun,
c-Fos, ATF3, C/EBPB, and EGR1), and E-selectin. The
results were expressed as fold induction, using glyceral-
dehyde phosphate dehydrogenase (GAPDH) as an in-
variant comparator.

The administration of ricin significantly elevated the
expression of each of the mRNAs that were investigated
(Figure 7). The ricin-induced expression of most genes

began at 6 hours and continued to increase until the
termination of the experiment (18 hours). The expression
profile of mMRNA encoding IL-1a and IL-18 showed an
early peak at 6 hours followed by a decline at 10 hours
and a second peak of expression thereafter. The expres-
sion of E-selectin RNA deviated from the expression pro-
files of the other examined genes inasmuch as the peak
of expression occurred at 10 hours and declined there-
after.

Ribotoxic Damage to A4256 in the Mouse
Kidney

Ricin may impair kidney function by acting directly on
cells of the kidney or by inducing the release of inflam-
matory mediators into the systemic circulation from cells
or tissues that lie outside the kidney. To determine
whether ricin acts directly on the kidney, we applied
primer-extension analysis to identify the depurination of
28S rBNA by ricin. Figure 8a shows a primer-extension
analysis of RNA extracted from control or ricin-treated
human macrophages (THP-1) in vitro (lanes 1 and 2) and
kidneys from mice that were either untreated (lane 3) or
injected with ricin (lane 4). When examined by primer-
extension analysis, RNA extracted from THP-1 cells and
kidneys exposed to ricin displayed a strong stop in ex-
tension of the complementary DNA transcript at the ex-
pected adenine (circled). To quantify the percentage of
lesions present in extracted RNA, we included dideoxy-
GTP in the transcription mixture to yield strong stops at
guanines (complementary to the cytosines in the figure).
The RNA from ricin-treated cells revealed less radioac-
tivity in the guanosine-specific bands situated above (on
the 5’ site of) the lesions at A4324 when compared with
RNA from control cells (lane 1). By using analytical soft-
ware (IP LabGel) to measure the decrease in intensity of
the guanines 5’ to the lesion, when compared with the
intensity of guanines 3’ to the lesion, we determined that
~80% of the 28S rRNA from THP-1 cells contained le-
sions at A4565. Using the same calculations, we deter-
mined that ~30% of the 28S rRNA of ricin-treated kidneys
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Table 3. Ricin-Induced Transcripts Compiled from Affymetrix Microarrays

Accession Fold
Gene number induction P value Function of gene product
Transcription regulators
MafF BC022952.1 741 <0.001 b-Zip transcriptional activator
Egr2 X06746.1 245 <0.01 Zinc finger transcriptional activator
ATF3 BC019946.1 188 <0.01 Stress-induced immediate-early gene
RelB NMO009946.1 76 <0.001 NF-«kB family, induced by TNF, IL-1, IL-6
c-Fos AV026617 74 <0.001 Stress-induced immediate-early gene
c-Myc BC006728.1 58 <0.001 Involved in activation of genes in G,
Egri NMO007913.1 49 <0.001 Mitogen-induced zinc finger protein
c-Jun BC002081.1 40 <0.001 AP-1 member, regulator of TNF and IL-1
C/EBP/B NMO009883 36 <0.001 CAAT-binding protein
JunB NM008416.1 26 <0.001 AP-1 member
ATF4 AV314773 13 <0.001 Transcription factor
Egrd NM020596. 1 12 <0.01 Zing finger transcriptional activator
STAT2 BB030134 11 <0.001 Transcriptional activator and signal transducer
FosB NMO0080036.1 8 <0.001 AP-1 member
MafK NMO010747.1 8 <0.001 Transcriptional regulator
RelA NMO009045.1 7 <0.001 Transcriptional activator
Chemokines and cytokines
CXCL2 NM009140.1 110 <0.001 Gro-B; CXC chemokine
CXCL1 NM008176.1 98 <0.001 Gro-a; CXC chemokine
IL-6 NMO031168.1 75 <0.001 Inflammatory cytokine
CXCL10 NM021274.1 63 <0.001 IP-10; CXC chemokine
CXCL9 NM008599.1 37 <0.001 Mig; CXC chemokine
CCL2 AF065933.1 36 <0.001 MCP-1; CC chemokine
M-CSF M21149.1 36 <0.01 Macrophage-stimulating factor
IL-18 BC011437.1 6 <0.01 Inflammatory cytokine
Leukocyte adhesion molecules
P-selectin M72332.1 23 <0.001 Leukocyte adhesion protein
ICAM-1 BC008626.1 22 <0.001 Leukocyte adhesion protein
Syndecan-1 B1788645.1 16 <0.01 Endothelial-leukocyte interactions
E-selectin NM011345.1 4 <0.01 Leukocyte adhesion protein
Growth factors
Amphiregulin NM009704.1 43 <0.001 EGF family growth factor
Gdf15 NM011819 40 <0.001 TGF-B family; induced by organ injury
PDGF-B BC023427 .1 7 <0.01 Platelet-derived growth factor
Kinases
Cnk BM947855 330 <0.001 Cytokine-inducible serine/threonine kinase
Map3k8 NMO007746.1 39 <0.001 Stimulates JNK and p38 MAPK in stress
MAPK6 NMO015806.1 22 <0.001 MAPK family member
Coagulation cascade and
fibrinolysis
PAI-1 NMO00887.1 31 <0.001 Physiological inhibitor of tissue plasminogen activator
Factor Il BC024886.1 7 <0.001 Co-factor w/ factor Vllla to activate factor X in
extrinsic pathway of coagulation
UPAR X62701.1 6 <0.001 Urokinase plasminogen activator receptor
Factor X NMO008013.1 5 <0.001 Prothrombinase/fibrinogen-like protein 2
Fibrinogen, a peptide BC005467.1 4 <0.001 Yields monomers that polymerize into fibrin; co-factor

in thrombocyte aggregation

(lanes 3 and 4) contained lesions. The number of lesions
that appeared in 28S rRNA of kidneys increased directly
with time after administration of ricin (Figure 8b), indicat-
ing that the intracellular lesions resulting from ricin toxicity
continued to accumulate.

Gene Expression in Mouse Kidney after Co-
Administration of Ricin and LPS

It has been suggested that LPS/endotoxin has been in-
volved together with Stx in the pathogenesis of
HUS. 155758 Several in vivo and in vitro studies report
cooperation between Stx and LPS in producing patho-
logical changes similar to those observed in the human
HUS.%9~®" To determine the effect of LPS on gene acti-

vation in the presence or absence of ricin, we injected
mice with LPS, ricin, or LPS plus ricin and by real-time
RT-PCR measured the induction of mRNA that encode
several proteins associated with the inflammatory re-
sponse (Figure 9). Injection of LPS alone minimally af-
fected the abundance of all mMRNAs except the chemo-
kine RANTES (CCL5). The combination of LPS plus ricin
significantly elevated RNAs that encode TNF-«, IL-6,
MCP-1 (CCL2), RANTES (CCL5), GRO-a (CXCL1), and
E-selectin over levels observed after injection of ricin
alone. In contrast, compared with ricin alone, LPS plus
ricin failed to significantly increase the RNAs that encode
IL-1a, IL-1B, or the transcription factors EGR-1, C/EBPS,
and ATF-3. These data suggest that, at the concentration
of LPS injected, LPS alone was unable to drive the ex-
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Figure 7. Real-time RT-PCR analysis of ricin-induced gene expression in
mouse kidney. Groups of three mice received intravenously 12 ug of ricin/
100 g body weight and were sacrificed at the designated times when kidneys
were removed. After RNA extraction, real-time RT-PCR analysis was per-
formed using primers to the corresponding genes. Error bars represent SEM.
P values are as follows: *, P < 0.05; **, P < 0.01; ** P < 0.001; and NS,
nonsignificant.

pression of most of the inflammatory genes that were
examined. These results suggest that the signaling path-
ways stimulated by LPS may synergize with, or comple-
ment, those stimulated by ricin for the activation of these
genes.

Expression of TNF-«, IL-1B, and IL-6 Protein in
the Serum of Ricin-Treated Mice

We assessed whether the administration of ricin to ani-
mals would lead to an elevation of the serum levels of
protein encoded by the cytokines whose mRNA expres-
sion was induced by ricin. Groups of three sham-injected
and ricin-injected mice were exsanguinated 24 hours
after administration, and the serum levels of TNF-«, IL-18,
and IL-6 were analyzed by ELISA. The levels of TNF-a
increased from 16 += 1.7 to 92 = 30 pg/ml (P < 0.05) 24
hours after ricin injection. The levels of IL-18 increased
from 0.33 = 0.01 ng/ml to 0.68 = 0.13 ng/ml (P < 0.05)
in ricin-treated animals and levels of IL-6 increased from
1.8 = 0.2 to 13 = 1.1 ng/ml (P < 0.01). These data
suggest that the ricin-induced increase in the expression
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Figure 8. Primer-extension analysis of ricin-induced lesions in 28S rRNA in
mouse kidney. a: THP-1 cells were exposed to vehicle alone (lJanel) or 1
pg/ml of ricin for 6 hours (lane 2); kidneys from either sham-injected (lane
3) or ricin-injected (12 pg of ricin/100 g body weight; lane 4) mice were
harvested 24 hours after the injection. The circled adenine indicates the site
of action of ricin within the sarcin/ricin loop of 28S rRNA. b: Ribotoxic
damage of A 4256 in 28S rRNA from kidneys after ricin administration i vivo.
Animals were injected with saline (CO) or ricin (12 ug/100 g body weight)
and were sacrificed at the times shown. Error bars represent SEM.

of RNA encoding TNF-«, IL-1B8, and IL-6 was associated
with a significant increase in the serum levels of those
cytokines. Importantly, these data demonstrated that the
induced expression of mMRNA associated with ricin intox-
ication may result in the increased synthesis of proteins
directed by those RNAs, even in the face of potentially
decreased levels of protein synthesis.

Discussion

Our earlier studies have demonstrated that depurination
of 28S rRNA by ricin results not only in the inhibition of
protein translation, but also in the intense and extended
activation of the SAPKs.>™® Of the SAPKs, p38 MAPK is
known to be a central signal transducer of inflammatory
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Figure 9. Gene expression in mouse kidneys after administration of LPS,
ricin, and LPS plus ricin. Mice received 12 ug of ricin/100 g body weight i.v.,
LPS 10 ug i.p., or both. Each group contains triplicate mice, which were
sacrificed at 24 hours for harvesting kidneys. Real-time RT-PCR analyses were
performed on RNA extracted from harvested organs. Pvalues are as follows:
* P < 0.05 *, P<0.01; * P < 0.001; and NS, nonsignificant. Asterisks
above bars show comparison between treatments and controls; P values
shown below bars of LPS plus ricin treatment show the comparison of this
treatment to ricin alone. Error bars represent SEM.

responses that regulate transcription of proinflammatory
cytokines and chemokines. Yet to date, the proinflamma-
tory actions of ricin have been primarily overlooked in
comparison to the attention given to the ability of ricin to
trigger the inhibition of protein synthesis. In intestinal
epithelial cells Stx and ricin activate the ribotoxic stress
response, which leads to the elevation of genes encoding
chemokines and cytokines via the activation of JNK and
p38 MAPK.®?=6% Only recently has it been recognized
that mechanisms of action different from the mere inhibi-
tion of translation are operational in the clinical conditions
triggered by poisoning with Stx-1 and Stx-2, two homol-
ogous proteins that have intracellular activities identical
to those of ricin.?" These toxins are produced by E. coli
bacteria and, in humans, lead to development of HUS, a
condition characterized by a severe inflammatory re-
sponse. The current study represents the first attempt in
a murine model system to characterize the signaling
intermediates and transcriptional products that contrib-
ute to the consequences of ricin intoxication.

As previously suggested, monocyte/macrophages
may play a pivotal role in the pathogenesis of Stx-in-
duced HUS."" These cells represent an important source
of cytokines, including TNF-a and IL-1, which may addi-
tionally sensitize other cells, such as endothelial cells, to
the effects of Stx.°>® Increased numbers of macro-
phages have been detected in glomeruli of patients with
Stx-induced HUS compared to control patients.®”%8 In a
mouse model of Stx-induced HUS in mice, Stx cytotoxic-
ity was reduced after the depletion of the hepatic and
splenic macrophages.®® We therefore chose to study the
effects of ricin on the inflammatory response in macro-
phages. Ricin strongly induced the activation of the JNK
and p38 MAPK, as well as ERK 1/2, and produced a
dose-dependent increase in TNF-a mRNA. The finding

that ricin induced the secretion of TNF-a only at ricin
concentrations less than 1 ug/ml (Figure 1d) may be
attributed to a partial block in protein synthesis at these
lower ricin concentrations. These studies demonstrate
that the effects of ricin on the activation of MAPK family
members and the strong transcriptional activation of
TNF-a and other genes (Figure 2) occurs at concentra-
tions of ricin that only partially interfere with the translation
of proteins. The ability of ricin-intoxicated cells to trans-
late MRNAs induced in those cells may explain our in vivo
results in which intravascularly administered ricin pro-
duced an increase in plasma-borne TNF-«, IL-6, and
IL-1B proteins. These studies indicate that, despite the
decreased translation that may occur in some cell types
in vivo, the high levels of induced mRNAs corresponding
to some proinflammatory genes (Table 3) may be suffi-
cient to drive the increased production of proinflamma-
tory mediators.

Experiments performed on RAW 264.7 macrophages
revealed that the activation of MAPK family members
were required to mediate the accumulation of RNA en-
coded by multiple proinflammatory mediators and tran-
scription factors (Figure 2). Although many of the genes
investigated were differentially dependent on ERK, JNK,
or p38 MAPK for ricin’s ability to induce the accumulation
of RNAs that they encode, blockade of all three MAPK
families invariably reduced the accumulation of RNA to
basal or near-basal levels. The high representation of
transcription factors among the group of RNAs whose
expression was increased by ricin in the Affymetrix mi-
croarray analysis (Tables 2 and 3) supports the notion
that an important function of ricin in mediating proinflam-
matory responses occurs by the induced expression of
genes that encode transcription factors. The docu-
mented involvement of activated ERK, JNK, and p38
MAPK in mediating the activation of transcription factors
by direct phosphorylation'®""7° suggests that MAPKs
participate in the transcriptional activation of transcription
factors and, ultimately, of proinflammatory mediators (cy-
tokines, chemokines, and cell surface molecules) that are
associated with the proinflammatory effects of ricin. Ad-
ditionally, ERK and p38 MAPK have been identified as
mediators of cytokine release via their ability to activate
proteases such as TNF-a-converting enzyme (TACE) that
direct the shedding of TNF-a and perhaps other cell
surface-tethered cytokines.”'="* Thus, ricin may addition-
ally induce the proteolytic cleavage and release of cyto-
kines whose transcription ricin has previously directed. In
addition, the p38 MAPK pathway also contributes to the
inducible expression of MRNA encoded by inflammatory
genes through the stabilization of transcripts that contain
a 3’-UTR AU-rich motif,”>”® commonly associated with
RNAs that encode proinflammatory mediators, thereby
suggesting that ricin also may induce the accumulation of
RNAs through pathways that do not involve transcrip-
tional activation.

In this report, we studied a murine model of ricin intox-
ication that could be used not only as a model to study
the inflammatory response that is triggered after the in-
travenous administration of ricin toxin but also to study
the pathogenic mechanisms that participate in develop-



ment of HUS in humans. Mice that were injected with ricin
developed thrombocytopenia, hemolytic anemia, and re-
nal failure. Even though we failed to detect histological
evidence of glomerular thrombosis on the H&E staining,
we observed extensive deposition of fibrin(ogen) in the
glomerular capillary loops and peritubular capillaries by
using immunohistochemical staining with an anti-fibrin(o-
gen) antibody (Figures 3 and 4). We failed to detect
histopathological evidence of necrosis of the tubular ep-
ithelium, a common feature of animal models of HUS after
administration of Stx.”” This feature of Stx-induced pa-
thology in animal models contrasts with the typical ab-
sence of tubular necrosis in human HUS.

It has been concluded that Stx is the main etiological
factor in the pathogenesis of HUS.'® Yet, attempts to
reproduce the complete clinical presentation of the hu-
man HUS in animals others than baboons”® after admin-
istration of Stx alone have not been successful, suggest-
ing that other factors participate in the pathogenesis of
HUS.'577° |t has been reported that LPS/endotoxin,
which is a major inflammatory mediator produced by
gram-negative bacteria, is an important factor in the de-
velopment of the disease.®° LPS initiates a cellular inflam-
matory response mediated by the toll-like receptor TLR-
48182 through activation of the p38 MAPK and/or
activation of the NF-kB pathways, with subsequent tran-
scriptional activation of genes that are involved in the
inflammatory response.®® Twenty-four hours after its ad-
ministration, LPS alone was relatively ineffective in ele-
vating the levels of RNA encoded by proinflammatory
genes, compared with administration of ricin alone (Fig-
ure 9). This result could be explained by the transient
nature of LPS actions on the SAPK cascade compared to
the sustained activation of the SAPKs produced by ri-
¢cin.>® Additionally, we analyzed the RNA levels encoded
by proinflammatory genes 24 hours after the administra-
tion of LPS. Itis possible that we failed to detect the ability
of LPS alone to induce expression of cytokines because
of its rapid onset and rapid return to basal levels. Inter-
estingly, the co-administration of LPS and ricin resulted in
a synergistic increase in RNAs encoded by some cyto-
kines (TNF-a and IL-6) and chemokines (RANTES,
MCP-1, and GRO-a). However, the administration of LPS
failed to augment the expression of MRNAs that encode
several transcriptional regulators (EGR-1, C/EBPS, and
ATF3) and the proinflammatory cytokine IL-1 (Figure 9).
LPS signals the activation of both NF-kB and SAPK cas-
cades,®® in contrast to ricin that activates only the SAPK
cascade in cell cultures (unpublished results). This dis-
tinction may be responsible for the ability of LPS to syn-
ergize with ricin in augmenting the responsiveness of
genes encoding cytokines and chemokines that contain
binding sites for both NF-«B and AP-1 proteins in their
regulatory regions. It has been suggested that LPS and
Stx together may increase the abundance of certain
proinflammatory gene transcripts through alterations in
the transcriptional and posttranscriptional control mech-
anisms.?*

Evidence suggests that ricin and Stx exert their patho-
logical effects by interacting directly with the endothe-
lium. Several reports demonstrate that, despite improve-
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ments in the chemical structure of ricin-containing
immunotoxins, the development of vascular leak syn-
drome limits the application of ricin as a component in the
therapy of cancer.®® It is suspected that vascular leak
syndrome results from the direct interaction of ricin with
endothelial cells and/or macrophages and that this inter-
action is responsible for the injury of the endothelium by
ricin.?® The endothelium also appears to play an essential
role in the pathogenesis of HUS. " It is well known that the
injury of endothelial cells contributes to the development
of microvascular thrombosis,' "8 a consequence of
HUS that has been difficult to achieve in Stx-induced
animal models.®®#¢~88 The immunohistochemical stain-
ing shown in Figure 4 demonstrates remarkable deposi-
tion of fibrinogen/fibrin in the renal microvasculature after
the administration of ricin in vivo. Endothelial damage, the
adhesion and aggregation of platelets, and the deposi-
tion of fibrin are involved in the formation of thrombotic
lesions that are a determining step in the outcome of HUS
patients. After their activation, endothelial cells actively
participate in the development of the inflammatory re-
sponse, either by secretion of inflammatory mediators
(IL-1, IL-6, IL-8, MCP-1, GRO-«, RANTES, and so forth)
and/or by expressing on their surface adhesion proteins
(eg, P-selectin, E-selectin, ICAM-1, VCAM-1, and so
forth) that trigger the recruitment of leukocytes.®® After
the administration of ricin in vivo, we demonstrated by
immunohistochemical localization that activation of the
MAP kinase superfamily members occurred in endothe-
lial cells in different organs (data not shown). The direct
activation of MAPKSs in response to ricin in the endothe-
lium could modulate the inflammatory responses of these
cells by activating the transcription of genes that encode
inflammatory mediators and the subsequent translation of
these gene products. By using real-time RT-PCR, we
found that, after the injection of ricin in vivo, the expres-
sion of mRNA that encodes E-selectin was increased
several fold compared to sham-injected mice (Figure 9).
The finding that a peak in the expression of the mRNA
that encodes the E-selectin gene occurred earlier than
the expression of mMRNAs encoding most of the other
inflammatory cytokines and chemokines that were ana-
lyzed (Figure 7) suggests an early involvement and acti-
vation of the endothelium in response to ricin in vivo.

In this report, we performed Affymetrix microarray
analyses to identify RNAs whose abundance was in-
creased in response to systemic administration of ricin in
vivo (Table 3). The profile of genes whose RNA products
were increased after the intravenous administration of
ricin showed similarity with previously published Af-
fymetrix microarray data from lung tissue after intratra-
cheal application of ricin.®° Ricin as an efficient inducer
of an inflammatory response in vivo potently induced mR-
NAs that encode transcriptional regulators, several che-
mokine and cytokine genes, and a variety of adhesion
proteins that are known to participate in interactions be-
tween leukocytes and the activated endothelial cells in
the context of an active inflammatory response (eg, the
selectins, ICAM-1, and syndecan-1). The profile of cyto-
kine/chemokine genes that were induced by ricin in vivo
included IL-18, IL-6, CCL2 (MCP-1), and CXCL-1 (Gro-
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a). This profile of gene expression shares similarity with
profiles of genes that previously have been shown to be
up-regulated in patients with HUS 24:25.68.91-95

EGR1 was one of the transcription factors whose RNA
was greatly increased in abundance after the administra-
tion of ricin. EGR1 is up-regulated after mitogenic stimu-
lation,®® during radiation injuries,®” hypoxia,®® and during
the induction of apoptosis.®® It has been reported that
induced expression of EGR1 is closely related to an
increased proliferation of mesangial cells in a model of
experimental mesangio-proliferative  glomerulonephri-
tis.'°° Downstream target genes of EGR-1 are platelet-
derived growth factor-A (PDGF-A) and PDGF-B, 0" 102
transforming growth factor-g (TGF-g),'°" intercellular adhe-
sion molecule-1 (ICAM-1),0319% TNF-¢, '°" and M-CSF."%®
The expression of several of these EGR-1-dependent
mRNAs, such as PDGF-B, ICAM-1, and M-CSF were
up-regulated in animals that received ricin (Table 3).

After the administration of ricin in vivo, we also detected
increased expression of genes that encode several mem-
bers of the coagulation cascade and fibrinolytic pathway.
It has been suggested that the microvascular thrombosis
observed in HUS is related to abnormalities in the coag-
ulation and fibrinolytic pathways.'°~"9¢ The role of fibri-
nolysis in the pathogenesis of HUS is still controversial.
Some reports demonstrate the activation of fibrinolytic
pathways in HUS patients,’®'"° whereas others have
not confirmed this activation.”™" In our studies after ricin
application in vivo, we found an increased expression of
genes that encode factor I, factor Ill, and factor X (all
members of the coagulation cascade), and PAI-1 (a
physiological inhibitor of the plasminogen activators that
participates in the fibrinolytic pathway). Our data suggest
that ricin may trigger increased expression of molecules
that participate in the coagulation cascade and fibrinoly-
sis in vivo, although verification by detection of the trans-
lated products awaits further experimentation.

Experiments that used real-time RT-PCR to quantify
RNAs (Figures 7 and 9) demonstrated that in many cases
the Affymetrix microarrays severely underestimated the
increased levels of RNA induced by ricin (compare Table
2 with Figures 7 and 9). In other experiments, we have
used the same RNA in both Affymetrix microarray and
real-time RT-PCR experiments and have verified that the
Affymetrix data frequently underestimates the level of
induction by ricin (unpublished). It is well known that
microarrays exhibit a limited dynamic range that is un-
suitable for the measurement of very large changes in
RNA abundance, such as that which occurred after the
administration of ricin.

In view of differences in the cell type-specific distribu-
tion of Gb3 molecules between humans and other spe-
cies, it has been difficult to recapitulate the development
of HUS after administration of Stx in animal models.®°
Many factors contribute to the etiology of HUS in humans,
including the distribution of receptors on cell types, po-
tential modulation of receptor expression by cytokines,
and toxin-specific differences in the intracellular traffick-
ing of receptors that leads to delivery of their enzymatic
moieties to the cytosol. Despite these differences, the
intracellular molecular targets of ricin and Stx are identi-

cal.®* Foster and Tesh®® reported that Stx-1 induces the
activation of p38 MAPK and JNK in human macrophages
and that blockade of p38 MAPK activation reduced the
production of TNF-a. These investigators concluded that
Stx triggers the ribotoxic stress response in macro-
phages, and that macrophages may be the possible
source of cytokine production in the kidneys. The present
communication extends these observations to ricin-
treated macrophages and further demonstrates that ad-
ministration of ricin to mice recapitulates many of the
features of HUS and provides a mechanistic basis for
approaching the development of the disease. The avail-
ability of transgenic and knockout mice that have altered
expression of genes that encode cytokines, chemokines,
surface adhesion molecules, and proteins involved in
thrombosis and fibrinolysis should facilitate further inves-
tigations into the etiology of HUS. Animal and preclinical
studies have demonstrated the efficacy of a variety of
selective small molecule inhibitors of p38 MAPK in reduc-
ing the expression of TNF-q, IL-1, and IL-6 in arthritic and
other inflammatory diseases, and some compounds have
reached phase Il and Il trials.®® The administration of
ricin to mice may facilitate the development of similar
therapeutic strategies aimed at ameliorating the life-
threatening consequences of HUS or reducing the po-
tentially lethal consequences of ricin toxicity should ricin
be used as an agent of warfare.
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